Nicotine dependence is the most prevalent form of drug addiction in the US and throughout the world. Epidemiological studies demonstrate that genetics accounts for at least 50% of the liability to nicotine dependence. However, there have been very limited linkage studies providing convincing evidence of susceptibility genomic loci for this disorder. In this study, we conducted genome-wide permutation linkage analyses on the smoking data collected between 1970 and 1972 of the Framingham Heart Study (FHS) to account for the abnormality associated with the smoking quantity (defined as the number of cigarettes smoked per day). We used empirical thresholds obtained from permutation tests to determine the significance of each genomic region. The variance component method implemented in SOLAR was used for the analysis. Under the empirical genome-wide thresholds determined specifically for the FHS smoking data, we found two highly or near-highly significant linkages of nicotine dependence on chromosomes 1 and 4 (P ¼ 0.001) and eight significant linkages on chromosomes 3, 7, 8, 9, 11, 16, 17, and 20 (Po0.05). These findings strongly indicate that some of these regions may harbor susceptibility loci for nicotine dependence. Further analysis of these positive regions by fine mapping and/or association analysis is warranted. To our knowledge, this study presents the most convincing linkage evidence for nicotine dependence in the field.
INTRODUCTION
Tobacco is one of the most widely abused substances, killing approximately 435 000 US citizens in 2000. 1 Despite increasing public awareness of the health risks inherent in the use of tobacco products and legislation that reduces the availability of cigarettes and prohibits smoking in many public facilities, virtually no further reduction in smoking prevalence has occurred in the US since 1990. 2 This phenomenon is largely attributable to nicotine dependence, a genetically complex disorder. [3] [4] [5] [6] Many twin studies have revealed that there is a strong genetic component in nicotine dependence. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] Meta-analysis of reported twin studies indicated that genetics accounts for at least 50% of the liability to this disorder. 17, 18 Thus, identifying the genes predisposing to nicotine dependence and understanding of its molecular mechanism will be of great interest to effectively prevent or treat it. Although other alternatives (eg, association study) exist, genome-wide linkage analysis remains an effective approach to searching for initial evidence of genomic regions affecting a complex disease. Very limited efforts, however, have been made for linkage study on smoking behavior. 3, 6 So far there were only a few independent studies intended for finding genetic linkage of nicotine dependence. Straub et al 19 detected a modest linkage (LOD ¼ 2.63) of nicotine dependence near marker D2S1325 on chromosome 2 in the Christchurch sample of New Zealand, but failed to replicate this linkage in their Richmond sample of Virginia. Using data from the Collaborative Study on the Genetics of Alcoholism (COGA), Duggirala et al 20 identified a strong linkage (LOD ¼ 3.2) of smoking behavior in chromosomal region 5q. Additionally, the authors also reported several other chromosomal regions that showed minor linkage evidence. Similarly, Bergen et al 21 analyzed the COGA smoking data using different methods and reported several minor linkages. However, when these positive regions are compared, one will find that the detected linkage regions for nicotine dependence lacked reproducibility. 3 Recently, several research groups have performed linkage analyses with the smoking data of the FHS that were made available through the Genetic Analysis Workshop (GAW) 13. [22] [23] [24] [25] In aggregate, these studies reported approximately 29 potential linkage regions for the smoking behavior. These potential linkage regions were located on most of the 22 autosomal chromosomes except chromosomes 3, 10, 18, and 19 (no genotypic data were available on the sex chromosomes). However, except for the results from Li et al, 25 almost none of these reported linkage regions had reached a significant linkage based on the theoretical thresholds proposed by Lander and Kruglyak. 28 Such discrepancy was largely due to the use of different statistical methods/ programs and ways of defining the smoking phenotype. It should be pointed out that the P-values or LOD scores derived from all these analyses were based on assumptions of statistical distributions (eg, chi-square distribution for LOD scores) for the related test statistics. Due to the apparent violation of the normality assumption for the FHS smoking data (including transformed data), however, these test statistics presumably would not follow the theoretical distributions well. As a result, the theoretical thresholds (eg, LOD ¼ 2.2 for suggestive linkage and LOD ¼ 3.6 for significant linkage) derived from such assumptions could become unreliable, which in turn would lead to either excessive false positives or false negatives as expected from the preset significance level. But none of the reported analyses on the FHS smoking data evaluated the influences of the departure from normality, and they all used a subjective threshold to determine significance of linkage.
It was this concern that motivated us to evaluate the FHS smoking data because it represents one of the largest data sets containing smoking-related information. Fully exploiting the genetic information contained in this data set will be of great interest and cost efficient to our genetic study of nicotine dependence. In this study, we conducted a genomewide linkage analysis using a variance component (VC) method with the FHS smoking data collected between 1970 and 1972. Instead of using a fixed theoretical threshold, we tested linkage significances using permutation-based empirical thresholds that appropriately accounted for genomewide false-positive rates. Though computationally intensive, the permutation test has been gradually accepted as a standard approach for generating objective thresholds for linkage analysis and other genetic data analyses. [26] [27] [28] [29] [30] [31] [32] [33] The most attractive feature of the permutation test is that it is straightforward and does not require strong assumption of statistical distributions for test statistics. Our goals were to define appropriate empirical thresholds for linkage analysis specifically for smoking phenotype in the FHS data and then use them as criteria to identify significant linkage regions.
MATERIALS AND METHODS

Description of Clinical and Genetic Data
There are two cohorts (original and offspring) in the FHS data. The original cohort began in 1948 with the enrollment of 5209 men and women, 28-62 years of age at study entry, with subjects undergoing repeat exams every 2 years. 34 The offspring cohort, recruited into the study in 1971, includes 5124 of the original participants' adult children and their spouses. Offspring subjects underwent examinations approximately every 4 years. 35 In the mid-1990s, the largest 330 pedigrees were selected from the two cohorts for genome-wide scan. The pedigrees consist of 4692 subjects, of whom 2885 have participated in the FHS.
Based on the number of smokers present at each exam, the consistency of the clinical data and interviewing time between the two cohorts, and potential environmental effect on smoking phenotype included in the FHS data, Exams 12 and 13 from 1970 and 1972 for the original cohort and Exam 1 from 1971 for the offspring cohort were selected and used in this study. The smoking data for the original cohort were averaged for the two exams, while the offspring smoking data were used as is. Pedigrees with very few or no smokers during this period of time were excluded, which resulted in a total of 305 pedigrees and 4445 individuals.
Nuclear Family vs Extended Family used for Linkage Analysis
Using extended pedigrees and multipoint linkage analysis methods has been a paradigm to increase statistical power in linkage analysis because they are generally more informative than nuclear families and single-point analysis. 36, 37 However, even with statistical methods and computing programs greatly improved over the past decades, it is still difficult to efficiently analyze large pedigrees using multipoint methods. The sizes of the original FHS-extended pedigrees range from 7 to 87, with an average of 14 members per pedigree, and many of the pedigrees are beyond the capability of most existing linkage packages. To handle large pedigrees, we separated the original extended pedigrees into nuclear families. In forming the nuclear family data, we included only families with two or more children, each having both CPD (number of cigarettes smoked per day) and DNA marker data. In this way, the resulting data included a total of 430 nuclear families, and 2119 individuals, among which 898 were smokers (CPD40).
Smoking Phenotype and DNA Markers
Many measurements have been used to assess nicotine dependence, which include CPD, or smoking quantity, 12, 38 current tobacco use, 16 and nicotine dependence. 13, 39 Although these measurements may not be completely identical, they are all highly correlated with nicotine dependence. 17, 18 Based on the availability of smoking information in the FHS data set, smoking quantity is used to measure nicotine dependence in this study. As in our previous analyses, 25 we used the original CPD, natural logarithm transformation of CPD (log-CPD), and categorized CPD (cat-CPD) in the permutation test. The cat-CPD consists of six categories, indexed by 0, 1, y, 5, corresponding to CPD ranges of 0, 1-5, 6-15, 16-25, 26-35, and Z36, respectively.
The FHS genotypic data include 401 DNA markers covering the 22 autosomal chromosomes (an average marker interval of B9 cM). These markers were typed for a total of 1702 individuals (394 original cohort and 1308 offspring cohort). Genotype data cleaning, including verification of family relationships and Mendelian inconsistencies, has been described elsewhere. 40 
Permutation Procedure and Test Statistics
The VC method implemented in SOLAR 41 was used for analyzing the original nuclear family data and random permuted samples. Additionally, we also used the VC method implemented in the GeneHunter 42 package in our study, which yielded virtually the same results as the VC method from SOLAR. Thus, only the linkage results from SOLAR are reported in this study. LOD scores were calculated across the whole genome, with adjacent test positions spaced at 2 cM. Multipoint methods were used for estimating IBD sharing distributions needed for calculating LOD scores. Other conditions for running the program followed the relevant program defaults.
Permuted samples were generated by randomly shuffling the CPD observations among all children with a valid CPD observation (non-missing) across all nuclear families, while keeping their marker data unchanged. Following a rule of thumb proposed by Churchill and Doerge, 31 we generated 1000 such permuted samples, and analyzed each of them using SOLAR under the same settings as for the original data. A genome-wide maximum LOD score was identified and recorded for each permutation; 1000 such maximum LOD scores formed an empirical null distribution of maximum LOD scores, which was used for our linkage test.
Peaks of LOD scores calculated with the original nuclear family data along each chromosome were identified and compared with the corresponding empirical distribution, and an objective estimate of false-positive probability (Pvalue) for each potential linkage was obtained. We declared significant linkage if the genome-wide P-value is less than or equal to 0.05 or highly significant linkage if the P-value is less than or equal to 0.001, as recommended by Lander and Kruglyak 28 for controlling genome-wide false-positive rates. The three forms of the smoking phenotype (ie, CPD, log-CPD, and cat-CPD) each used its own empirical null distribution for the permutation test.
RESULTS
Sample Characteristics
The smoking phenotypic data used in the permutation linkage analysis of this study were selected from Exams 12 and 13 for the original cohort and Exam 1 for the offspring cohort. As shown in Table 1 , 2119 subjects representing 430 nuclear families were included in the study. Of them, 898 subjects were smokers with an average CPD of 22.5 and 17.1 cigarettes for men and women smokers, respectively. The average age of smokers was 38.5713.3 for males and 38.7713.7 for females, which is very similar to the overall male and female groups.
Determination of Thresholds Specific for the FHS Smoking Data
As shown in Figure 1 , the empirical null distributions of maximum LOD scores for the three forms of smoking quantity (CPD, log-CPD, and cat-CPD) were very similar to each other, suggesting that data transformations had only minor effect on final linkage results. These distributions were exceedingly right-skewed, and had small average LOD values (around 0.12). Based on the empirical distributions specific for FHS smoking data, the LOD threshold for a genome-wide false-positive rate of 0.05 (corresponding to 0.05 false positive expected per genome-wide scan) was 0.68 for CPD, 0.48 for log-CPD, and 0.52 for cat-CPD, respectively, which appears to be much smaller than the corresponding theoretical LOD threshold of 3.6. Under the theoretical threshold, the actual genome-wide false-positive The unit of measurement is number of pedigrees for the first two and number of individual subjects for all other rows. b Individuals with a CPD ¼ 0 were not included.
Mapping QTLs for ND using permutation linkage approach D Wang et al rates were close to zero for all the three phenotypic transformations. Thus, using the theoretical threshold would mask most or all linkage signals that otherwise could be detected. This illustrated the necessity of permutations for linkage analysis with the FHS smoking data.
Linkage Regions for Smoking Quantity
Based on the empirical null distributions, an empirical Pvalue for each test position was found with the original data, which provides an overall picture of linkage signals on 22 autosomal chromosomes across the whole genome (see Figure 2) . Analyses with the three forms of phenotypic transformations yielded very similar results, only with a minor trend of log-CPD4cat-CPD4CPD in terms of linkage signal. Under a genome-wide significance level of 0.05, 10 regions showed significant linkage ( Table 2 ). These regions include three (ND1, ND3, and ND8) on chromosomes 1, 4, and 16 detected with all the phenotypic transformations, three (ND2, ND7, and ND9) on chromosomes 3, 11, and 17 detected with two transformations (cat-CPD and log-CPD), and four regions (ND4, ND5, ND6, and ND10) on chromo- , and 20 detected with either log-CPD or cat-CPD. These detected regions varied in linkage strengths. Of them, two regions (ND1 and ND3) exhibited highly or nearhighly significant linkage (Pr0.001) for smoking quantity; the peak positions are flanked by markers GGAA22G10 and ATA4E02 for ND1, and 165 Â c11 and GATA5B02 for ND3. Other regions, though all significant, have different extents of significance from P-values of 0.0419 to 0.0171. Compared to the regions identified previously in the FHS cohort, we found that ND2 on chromosome 3 (between markers 059 Â a9 and GATA6G12) and ND6 on chromosome 9 (between markers GATA87E02 and GATA12C06) represent newly detected loci for ND in our permutation test with the same dataset. On the other hand, while other regions were reported previously, they never reached the significance levels we obtained in this study for most of the positive regions.
DISCUSSION
In this study, we conducted a genome-wide linkage analysis using the VC approach implemented in SOLAR for the FHS smoking data collected between 1970 and 1972. Unlike previous analyses with the same data set, we carried out linkage tests using empirical thresholds derived from permutations and obtained an appropriate estimate of genome-wide false-positive probability for each potential linkage. With the empirical thresholds, a total of 10 genomic regions were detected to have highly significant or significant linkages with nicotine dependence, which was assessed by number of cigarettes smoked per day. Two of the regions (ND1 and ND3) on chromosomes 1 and 4 showed highly or near-highly significant linkages. Their peak positions are flanked by markers GGAA22G10 and ATA4E02 for ND1, and 165xc11 and GATA5B02 for ND3. Additionally, we identified eight other regions that showed significant linkage of nicotine dependence to chromosomes 3, 7, 8, 9, 11, 16, 17, and 20.
Of these 10 significant or highly significant linkages for smoking quantity, eight of them located on chromosomes 1, 4, 7, 8, 11, 16, 17, and 20 were also reported by one or more research groups [22] [23] [24] [25] previously with the FHS smoking data at a nominal significance level, with a P-value of around 0.05 or LOD score between 1.0 and 2.0, except for the results reported by our group 25 in which we found significant evidence for linkage on chromosome 11 (pointwise Pvalue ¼ 10
À6
) and suggestive evidence on chromosomes 4, 7, and 17 with a pointwise P-value of less than 0.0017. Nevertheless, our study does not represent a simple replication of those early works. This is because one would find that most regions reported in the early studies were probably no more than a random peak instead of a significant linkage according to the accepted thresholds for suggestive or significant linkage, 28 which of course would easily be ignored by genetic researchers in the nicotine field. However, in our analysis with control of genome-wide falsepositive rate, these regions stood out with significant linkage signals, and thus their importance has been emphasized. Moreover, regions (ND2 and ND6) on chromosomes 3 and 9 represent two newly detected linkages for smoking behavior in this study.
A low reproducibility of identified positive regions across multiple studies has been a major concern in linkage studies of almost all complex disorders. To increase our confidence on the regions identified in this study, we compared our results with those reported on other independent populations. We found that the four regions on chromosomes 1 (ND1), 3 (ND2), 8 (ND5), and 17 (ND9) were also reported previously on other independent populations but at a nominal significance level. [19] [20] [21] Specifically, Bergen et al 21 detected markers D1S534 (P ¼ 0.0098) and D8S1136 (P ¼ 0.0048) as being of nominal significance by using the affected sib-pair and HE methods on the COGA data. These two markers were located within the genomic regions of ND1 and ND5, respectively, detected in our analyses (Table  2 ). In addition, Bergen et al 21 reported another marker, The entire region with empirical P-valuesr0.05 for one or more transformed smoking quantity (SQ).
b
The peak position was identified with the minimum P-value among the three phenotype transformations. D3S1744 (P ¼ 0.0006) on chromosome 3, which was outside but close to the ND2 region we detected in this study. By 'close to', we mean a distance of approximately 10 cM from either boundary of the region in our analysis. A region around marker GATA193 (LOD ¼ 2.88), detected by Duggirala et al 20 using a multipoint VC method on the COGA data, was outside, but close to, the region on chromosome 17 (ND9) in our study. Although these reported significant regions were only at a nominal significance level in the previous studies, these repeatedly detected regions strongly demonstrate that they are more likely to harbor susceptibility loci for nicotine dependence and deserve more attention in future studies.
Our approach of using permutation tests detected more significant linkage regions than the conventional one-round linkage analyses performed previously with the FHS data. [22] [23] [24] [25] Such a difference in statistical power was attributable to the use of different thresholds adopted among these studies. Conventional one-round linkage analysis relied on theoretical approximate thresholds derived for certain given conditions, 28 including statistical distribution (eg, normality) and the characteristics of data under investigation (eg, genome size, marker density, sample size, etc), while those conditions are rarely satisfied completely in practice. The FHS smoking quantity is not a typical, continuous, quantitative trait and greatly deviates from normality. Multiple genome-wide linkage tests, which are not all independent of each other, further complicate the determination of appropriate thresholds. The commonly used approximate genome-wide thresholds (eg, LOD ¼ 2.2 for suggestive linkage and 3.6 for significant linkage 28 ) were not appropriate for linkage analysis with this type of data. Therefore, using the theoretical threshold would decrease statistical power for detection of significant linkage. In contrast, empirical thresholds from permutations are the best suited for linkage testing of the data since they reflect the particular characteristics of the data under investigation.
In summary, we identified 10 genomic regions that may harbor susceptibility loci for nicotine dependence. Of these loci, two showed highly or near-highly significant linkages and the remaining eight showed significant linkage. To our knowledge, this represents the most convincing evidence for linkage studies of nicotine dependence in this field. Interestingly, eight of the 10 positive regions identified in this study were also reported previously by several research groups, including ours with the same data set but at a nominal P-value level for most of them. Additionally, four regions (including a new ND2 locus on chromosome 3) identified in the FHS cohort had been reported for linkage to smoking behavior in the COGA cohort. Therefore, they represent good candidate regions to harbor allelic variants influencing vulnerability to nicotine dependence. However, we should caution that the linkage regions detected in our analysis are still subject to sampling errors. Further investigations are needed to make confirmation before more costly experiments for isolating the responsible genes are initiated.
